Measurement of the ratio of the differential cross sections for W and Z boson production as a function of transverse momentum in pp collisions at √ s = 1. 
The DØ Collaboration has recently published [1, 2] measurements of the differential cross sections for W and Z boson production as a function of transverse momentum p T . Both measurements are in good agreement with combined resummed and perturbative QCD models, such as those in references [3] [4] [5] . For the analyses based on data taken by DØ during 1992-1996 (Tevatron Run 1), we have used the resummed calculation of Ref. [4] fitted to our own Drell-Yan data to determine the non-perturbative phenomenological parameters of the theory. The resummed calculation was then used to predict W boson observables such as the electron and neutrino transverse momenta. These predictions are used as input to a Monte Carlo model of W boson production and decay, which is used in our published measurements of the W boson mass [6] and W boson production cross section [7] .
Reference [8] proposes an alternative method of predicting W boson observables from measured Z boson quantities using the theoretical ratio of the W to Z boson differential cross sections with respect to variables that have been scaled by the corresponding vector boson masses. Because W and Z boson production properties are very similar, the large radiative corrections that affect the individual distributions cancel when calculating the ratio. The ratio can therefore be reliably calculated using perturbative QCD (pQCD), with no need for resummation, even for small values of the transverse momenta of the vector bosons. In fact, as the transverse momentum of the vector boson becomes smaller, the radiative corrections factorize from the hard process and cancel when taking the ratio. The theoretical uncertainties are therefore well understood, and smallest, at very low p T .
The basic proposal is to combine pQCD calculations with the measured Z boson observables to extract the W boson observables. This method is exemplified and tested here using the W and Z boson differential cross sections as a function of transverse momentum. The main difference between the W and the Z boson production properties is due to the difference in the W and Z boson masses. We therefore work with vector boson variables that have been scaled by the corresponding vector boson mass m V .
The ratio of differential cross sections with respect to the scaled W and Z boson trans-
where dσ V /dp V T is the differential cross section for vector boson production σ(pp → V + X) with respect to the vector boson transverse momentum p V T . Equation 1.1 can be used to predict the differential cross section for W bosons with respect to the non-scaled transverse momentum:
where R p T is calculated using pQCD. In this paper, we present the first measurement of R p T , and confront it with the calculation of Ref. [8] .
Next, we use our measured differential Z boson cross section, Eq. 1.2 and Ref. [8] to obtain the differential W boson cross section and compare it to our published result [1] .
Compared to the method previously used to extract W boson observables, the present ratio method reduces both theoretical and experimental systematic uncertainties. However, it introduces a statistical contribution to the uncertainty from the number of events in the Z boson candidate sample. Such a trade-off will eventually result in smaller overall uncertainties, especially when used with the high statistics samples expected during Run 2 at the Tevatron.
II. DATA SELECTION
We keep the modifications to the published DØ analyses [1, 2] to a minimum, but, at the same time, we try to cancel as many experimental uncertainties as possible when measuring the ratio R p T . The uncertainty in the integrated luminosity of the data samples (4.3%) is the dominant uncertainty in the individual cross section measurements. It cancels completely when taking the ratio, as long as the same data sets are used to select the W and Z boson candidate samples. In this analysis, we keep the event selection and corrections for background, efficiency, acceptance and detector resolutions identical to the ones in the published results [1, 2] , but require that the same data-taking runs be included in the W and Z boson event samples. In addition, we exclude events for which large beam losses from the Main Ring accelerator were expected [7] . These beam losses can create significant energy deposits in the calorimeter, resulting in events with large false transverse momentum imbalance, that could pass our W selection cuts. Due to these additional requirements, the Z boson sample is reduced from 6407 to 4881 events. About half of the event losses are due to the tightening of the beam quality conditions, while the other half are events taken during runs for which there was no W trigger present or it was prescaled. The W sample is reduced from 50488 to 50264 events when we remove runs for which the W trigger was prescaled. The integrated luminosity for both samples is (84.5 ± 3.6)pb −1 . We have investigated whether additional sources of error could be cancelled in the ratio. There are four sources of systematic error that contribute to the W and Z boson cross sections. These arise from uncertainties in the background estimate, the event selection efficiency and the unfolding procedure used to correct for acceptance and detector resolution.
The dominant sources of background in both the W and the Z boson analyses come from multijet and photon-jet events, where the jets pass our electron identification criteria. In the case of the W , a large imbalance in the transverse energy has to arise to fake the presence of a neutrino. The mechanisms for multijet or photon-jet events to fake a W or a Z boson event are different, and the methods used to estimate the background are completely independent. We therefore cannot cancel any contribution to the error in the ratio from the background estimates.
The acceptance and unfolding corrections are applied together using a parametric Monte Carlo [6] . The main contribution to the error comes from the detector modeling. For the W analysis, we rely on the measurement of the energy of the recoiling hadrons, whereas the Z boson measurement uses the measurement of the electromagnetic energy from the electrons. We therefore do not attempt any cancellation of errors in the acceptance/unfolding procedure either.
The uncertainty in the efficiency has contributions from the trigger and offline electron identification. The Level 0 trigger, which requires the detection of an inelastic collision via simultaneous hits in the forward and backward Level 0 scintillation detectors [9] , is common for W and Z boson events. The uncertainty in this trigger can therefore be completely cancelled in the ratio. However, its contribution to the error on the efficiency is negligible (0.5% out of a total of 3.5%).
Although the triggers and the offline electron identification used in the W and Z boson analyses are different, the main contribution to the error in the efficiency (3%) comes from a common source, the so-called u || efficiency [6] . This inefficiency arises when the energy flow close to the electron increases as the recoiling hadrons approach the electron. It is therefore a topological effect produced by the proximity of the electron to the jet, which has the largest effect at a boson transverse momentum of about 20 GeV [2] . The parameterization of the u || efficiency is done on an electron-by-electron basis in the parametric Monte Carlo. The error on the u || efficiency is estimated from Herwig [11] W and Z boson events, overlayed with data taken from randomly selected pp collisions. Because this inefficiency depends on the proximity between electrons and jets in the event, it is difficult to estimate a priori how much of the uncertainty in the u || efficiency cancels in the ratio. To determine if further investigations of the possible cancellation of the u || efficiency error are worthwhile, we estimated the effect on the R p T measurement of cancelling the contribution from the u || efficiency error completely. This resulted in a maximum reduction on the uncertainty on the ratio of less than 5%. We therefore conclude that no error cancellations beyond the errors in the luminosity would improve the ratio measurement significantly.
III. SCALED W AND Z BOSON CROSS SECTIONS
Equation (1.1) can be written
where we have defined
We use the value from the Particle Data Book [10] for the mass ratio
In order to measure the scaled distributions without changing the binning of both the W and the Z boson analyses, we kept the W bin boundaries (δ i ) identical to the ones used in the published result. Since we require the same bin widths for the scaled variables p W T /m W and p Z T /m Z , we set the bin boundaries in the differential Z boson cross section to
and recompute the differential Z boson cross section. Table I shows the modified results for the W and Z boson cross sections. The statistical and systematic contributions to the individual cross section uncertainties are shown separately. One can see that the error on the ratio will be dominated by the systematic error on the W cross section.
IV. MEASUREMENT OF R P T
Based on the measured W and Z boson differential cross sections listed in Table I , we extract the ratio of scaled cross sections
Note that the prediction for R p T [8] was calculated for the ratio of the scaled W and Z boson differential cross sections dσ V /dp V T , and we measure the differential cross sections times their branching fractions to electrons (dσ V /dp
We therefore need to multiply our measurement by the ratio of the Z to W boson branching fractions, which we obtain from the particle data book [10] :
The result is shown in Figure 1 and summarized in Table II . The data are plotted at the value of p T for which the theoretical prediction for R p T is equal to its average over the bin, following the prescription of reference [12] . We observe that the measured differential cross section ratio agrees well with the purely pQCD theoretical prediction [8] , even at small values of p T . The χ 2 test for the comparison between data and theory is 18.7 for 21 degrees of freedom.
V. EXTRACTION OF dσ W /dp W T Based on Eq. 1.2, we use the calculated ratio R p T from reference [8] , together with the measured dσ Z /dp Z T , to predict the W boson transverse momentum spectrum and compare it with our previously measured dσ W /dp W T [1] . The result is shown in Figure 2 . The measured differential cross section is plotted at the center of the bin. The ratio method prediction upper and lower 68% confidence level limits are plotted as histograms. The extracted transverse momentum distribution agrees very well with the measurement; the Kolmogorov-Smirnov probability [13] κ is equal to 1.
VI. CONCLUSIONS
We have measured the ratio of the scaled differential cross sections for W to Z boson production for the first time, and compared it to a purely pQCD prediction. Our preliminary measurement shows good agreement with theory over the whole p T spectrum, even at small values of p T .
We have used the theoretical prediction for R p T , together with our measurement of the differential Z boson production cross section, to obtain the W differential cross section. This prediction agrees well with our published result.
This method for predicting W properties should eventually result in smaller overall uncertainties on the measured W mass and width, compared to currently used methods at hadron colliders, once the high statistics Z boson samples expected during Run 2 at the Tevatron become available. T . The points are the DØ data; the error bars do not include the 4.3% error in the luminosity. The histograms represent the upper and lower 68% confidence level limits of the prediction [8] obtained from the ratio method.
